Targeted RNA-sequencing aims to focus coverage on areas of interest that are inadequately 11 sampled in standard RNA-sequencing experiments. Here we present a novel approach for 12 targeted RNA-sequencing that uses complex pools of reverse transcription primers to enable 13 sequencing enrichment at user-selected locations across the genome. We demonstrate this 14 approach by targeting pre-mRNA splice junctions in S. cerevisiae, revealing high-precision 15 detection of splice isoforms, including rare pre-mRNA splicing intermediates. 16 17 3
by this approach, the sequencing depth necessary to quantitatively detect many splicing events is 23 significantly higher than most experiments generate. While this limitation of whole-24 transcriptome profiling has been addressed in part by methods that utilize antisense probes 3, 4 or 25 PCR enrichment 5 to target sequencing coverage to genomic regions of interest, a deeper 26 understanding of the basic mechanisms by which splicing is regulated, and the pathological 27 consequences of its mis-regulation, will be facilitated by methods that enable higher resolution 28 and precise detection of splicing states within cells. Towards this end, we have designed and 29 implemented a novel targeted sequencing method that enhances splice junction detection and 30 allows for genome-wide resolution of splicing intermediates. Building upon the historically 31 validated use of primer extension as a tool for assessing splicing status, we demonstrate the 32 ability to multiplex primer extension assays and evaluate the products by deep sequencing, an 33 approach we hereafter refer to as Multiplexed Primer Extension sequencing, or MPE-seq 34
The method we developed harbors two straightforward yet key features. First, user-36 selected primers are used to generate complementary DNA (cDNA) during a reverse 37 transcription reaction, enabling targeting of RNA regions of interest. Each primer is appended 38 with a next-generation sequencing adapter, as well as a unique molecular identifier (UMI) to 39 alleviate artifacts associated with PCR amplification during library preparation 6 . The use of 40
As an initial demonstration of MPE-seq, we examined pre-mRNA splicing in the budding 48 yeast Saccharomyces cerevisiae. For each of the 309 annotated introns in the yeast genome, 49 primers were systematically designed within a 50nt window immediately downstream of the 3' 50 splice site, ensuring that short extensions would be sufficient to cross the splice junctions. 51
Primers were pooled at equimolar concentration and MPE-seq libraries were generated using 52 total cellular RNA from wildtype yeast and sequenced to a depth of only ~5 million reads. As a 53 comparative reference, standard RNA-seq libraries were generated using poly-A selected RNA 54 and sequenced to ~40 million reads. Whereas the standard RNA-seq libraries yielded read 55 coverage that comprised full gene bodies across the transcriptome, MPE-seq coverage was 56 focused on the selected genes, precisely targeted to the regions upstream of the designed primers 57 The fold-enrichment was similar across transcripts with a wide range of expression levels 61 (FigS2), and from these data we extrapolate that a standard RNA-seq experiment would require 62 5 ~500 million sequencing reads to achieve a similar level of coverage over the targeted regions as 63 these 5 million MPE-seq reads provided. 64
Given the increased read depth achieved over targeted regions using MPE-seq, we asked 65 how well rare splice events were sampled. Because each primer extension event corresponded to 66 a single RNA molecule, determining relative isoform expression was simplified because read 67 counts did not need to be adjusted for mapping space as in standard analyses of RNA-seq data 68 (see Methods). Importantly, the levels of intron retention determined from replicate libraries 69 using MPE-seq showed superior internal reproducibility compared with the larger, replicate 70 RNA-seq libraries (Fig2C), likely reflecting the sampling noise associated with RNA-seq data 71 with reduced sequencing depth over the targeted regions. Moreover, while MPE-seq is not 72 amenable to de novo discovery of novel splicing events across the entire genome, it did allow for 73 the identification of scores of rare, previously unannotated splicing events at the targeted regions 74 (SupplementalInformation_Table3), consistent with the significantly increased sensitivity of this 75 approach. Nevertheless, while MPE-seq provided increased sensitivity and reproducibility of 76 splicing measurements, the intron retention levels determined from MPE-seq in a wildtype strain 77 only modestly correlated with those determined by RNA-seq (FigS3A, FigS3B) . Notably, this 78 correlation improved when comparing how these techniques measured changes in splicing 79 between samples assayed by the same methodology (FigS3C), presumably reflecting inherent 80 biases 8 (in fragmentation, ligation, PCR amplification, library size selection, etc.) present in one 81 or both approaches that are internally well controlled. 82
With the increased resolution provided by this approach, we sought to determine whether 83 we could detect splicing intermediates using MPE-seq. By identifying the locations of reverse 84 transcription stops, primer extension reactions have historically been used to map a variety of 85 6 biological features, including among others transcription start sites (TSSs) 9 , and the locations of 86 branch sites within the lariat intermediate species of the pre-mRNA splicing reaction 10,11 87 (Fig3A). Because the approach we developed anticipated the possibility of mapping the 3' ends 88 of the cDNA molecules, we examined the locations of those generated by MPE-seq. As 89 expected, the 3' ends of many cDNAs accumulated at the TSSs as determined by an orthologous 90 method 12 (FigS4), indicating that reverse transcription generally proceeded to the 5' terminus of 91 the RNA. Importantly, we also observed many cDNAs which terminated at or near the annotated 92 branchpoint motifs within introns, with decreased read coverage upstream of the motifs, 93 consistent with the inability of reverse transcriptase to read past the branched adenosine in the 94 lariat intermediate species (Fig3B, Fig3C) . This drop in read coverage was not apparent in MPE-95 seq libraries generated from a strain harboring a conditional mutation in Prp2, an RNA helicase 96 required for catalyzing the 1 st step of splicing 13 , corroborating that many of these cDNAs 97 originate from lariat intermediates. We noted that these lariat-intermediate derived cDNAs 98 contain a unique signature of mismatches incorporated by reverse transcriptase at the branched 99 adenosine (FigS5), which may serve as a unique tag for de novo identification of branch sites in 100 organisms with less well annotated branch sites. 101
The ability of MPE-seq to differentiate between unspliced isoforms in unfractionated 102 cellular RNA provides a unique opportunity to investigate the relative efficiencies with which 103 transcripts undergo the 1 st and 2 nd chemical steps in the splicing pathway. Our data revealed that 104 ~10% of unspliced pre-mRNAs at steady state conditions were present in the lariat intermediate 105 to reflect the relative catalysis rates of the 1 st and 2 nd step of splicing. A complete understanding 112 of the determinants of in vivo splicing efficiency will require measurements of the kinetics of 113 these individual steps rather than their steady state levels. The ability of MPE-seq to robustly 114 differentiate pre-mRNA isoforms provides a powerful new opportunity to do just this. 115
Whereas our initial experiments were performed using individually synthesized 116 oligonucleotides as primers, we sought to increase the utility of this approach by examining 117 methods that would facilitate an increase in the number of targeted regions. Many commercial 118 sources exist that allow for the cost-effective, array-based synthesis of pools of thousands of 119 individual oligonucleotide sequences, so we developed an approach for the pooled synthesis of 120 an equivalent set of the previously described primer sequences in order to test the effectiveness 121 with which they could be used in MPE-seq. By appending a common sequence onto the 3' end of 122 the desired primers and then using a protocol that included PCR amplification, restriction 123 digestion, and targeted strand degradation (FigS8A, FigS8B), we readily prepared a sufficient 124 quantity of single-stranded oligonucleotides with which to generate MPE-seq libraries. 125
Importantly, MPE-seq libraries generated using primers synthesized by this approach also 126 showed strong enrichment for the targeted regions, with levels on par with what we observed 127 demonstration that oligonucleotides derived from pooled commercial syntheses can be used in 140 this approach expands the types of applications to which MPE-seq could be applied in a cost-141 effective manner. While we see no de facto limitation to the species or number of unique primer 142 sequences that could be used for MPE-seq, with increasing numbers of primers comes an 143 increasing potential for their cross-reactivity with undesirable RNA targets, highlighting the 144 importance of specificity in primer design. Similarly, the level of enrichment provided by this 145 approach would vary as a function not only of the number of regions being targeted, but also of 146 the distribution of the expression levels of those targets. We expect that the improved sensitivity, 147 precision and flexibility of this approach will enable a higher-resolution understanding of the 148 pre-mRNA splicing pathway. Likewise, primer extension assays have also been used to assay 149 RNA secondary structure after in vitro 17 or in vivo 18 chemical probing, and we expect that MPE-150 seq could be readily adapted to RNA structure interrogation and other approaches where primer-151 extension assays or targeted RNA sequencing is applicable. the wild type (WT) S. cerevisiae strain BY4741 (MATa, his2Δ1, leu2Δ0, met15Δ0, ura3Δ0). 156
Single colonies were inoculated into liquid YPD media and grown overnight at 30℃. Overnight 157 cultures were then inoculated into fresh liquid YPD, seeding cultures at OD600 ~0.05. Cells were 158 collected by vacuum filtration once cultures reached OD600 ~0.7 immediately followed by flash 159 freezing in liquid nitrogen. Cell pellets were then stored at -80℃. For the temperature sensitive 160 mutant prp2-1 19 we grew cultures as described above except at 25℃. Once cultures reached 161 OD600 ~0.7, an equal volume of fresh 50℃ YPD media was added to shift cells to the non-162 permissive temperature of 37℃. The cultures were then maintained at 37℃ for 15 minutes 163 before cell collection as described above. 164
MPE-seq Primer and Oligo Design. 165
Gene specific reverse transcription primer design. For each of the 309 annotated spliceosomal 166 introns within the budding yeast genome (annotations obtained from UCSC SacCer3), a reverse 167 transcription primer was designed within the first 50 nucleotides downstream of the intron. 168
Targeting to this region ensured that short-read sequencing of the products generated from 169 reverse transcription with these primers would cross the upstream exon-exon or exon-intron 170 boundaries, enabling determination of the splicing status. Primers were designed using 171
OligoWiz, a program initially developed for microarray probe design, but which enables the 172 selection of primer sequences optimized for target specificity relative to a designated genomic 173 background 20 . We used the standalone version of OligoWiz with default parameters for short 174 (24-26bp) oligo design to obtain optimal sequences within each 50bp window. To the 5' end of 175 each of these sequences was appended two additional sequence elements: a random 7-nucleotide 10 unique molecular index (UMI) which allows for the detection and removal of amplification 177 artifacts arising from library preparation 6 ; and the P5XX region of the Illumina sequencing 178 primer to enable the sequencing of the reverse transcription products. Each of these primers was 179 individually synthesized by Integrated DNA Technologies (IDT), the full sequences of which are 180 provided in (Supplemental Information Table 5 ). 181
Complex oligo mix amplification method: The above described oligo primers were batch 182 synthesized as a pool on a OligoMix microarray by LC Sciences. These oligos are synthesized at 183 vastly lower quantities than is required for cDNA synthesis in MPE-seq. To generate a quantity 184 of primer pool that is sufficient, PCR amplification, along with several processing steps were 185 used (FigS8A). This was enabled by addition of two key sequence elements appended onto the 186 3' end of the individually synthesized oligo primers detailed above. From the 5' to 3' direction: 187 1.) a SapI restriction site, and 2.) a PCR amplification sequence (Supplemental information Table  188 5). First, the oligos were amplified in a standard PCR using Phusion polymerase with 14 189 amplification cycles. This 400 μL PCR reaction contained: 1% of the pooled oligonucleotides 190 from LCSciences as a template, a forward primer (oHX093) containing a C3 spacer at its 5' end, 191 and a reverse amplification primer (oHX094) containing a biotin-label at its 5' end (see 192
Supplemental Information Table 6 ). Cycling conditions were as follows: denaturation at 95°C for 193 10 sec; annealing at 60°C for 20 sec; and extension at 72°C for 30 sec. Upon completion of this 194 initial reaction, the entire reaction was used as a template to seed a larger (40 mL) PCR reaction. 195
For efficient amplification, this large reaction was performed in four 96-well plates with 100µL 196 in each well. Reaction conditions were identical to those described for the first reaction, and a 197 total of 15 cycles were performed for this second amplification. Reactions were purified and 198 concentrated by isopropanol precipitation. To generate single stranded primers for use in MPE-199 seq, the double-stranded amplicons were first digested using SapI (NEB R0569) in a 150 µL 200 reaction containing 30 µL of enzyme. The reaction was incubated at 37°C overnight, after which 201 the reaction products were concentrated by ethanol precipitation. Next, the 5' to 3' lambda 202 exonuclease (NEB M0262) was used to preferentially degrade the two strands containing 203 unmodified 5' ends. This reaction was performed at 37°C for 2 hours according to the 204 manufacturer's protocol. The products of this reaction were then purified using Zymo columns 205 using 7X volume binding buffer (2 M guanidinium-HCl, 75% isopropanol). After this step, the 206 remaining DNA consisted of the desired single stranded RT primer, and an undesired single 207 stranded section containing the SapI site plus the amplification primer. Making use of the 5' 208 biotin tag on the amplification primer, these undesired oligos were removed by affinity capture 209 with streptavidin beads. Specifically, this was accomplished by using 50 µL of Dynabeads 210
MyOne Streptavidin C1 according to the manufacturer's protocol. The unbound supernatant 211 fraction was retained as it contains the desired products. The recovered material was precipitated 212 and verified using 6% native PAGE stained with SyBr Gold. 213 1 st Strand extension template oligo design. The oligos were designed with three key features 214 from the 5' to 3' end of the oligo: 1.) A portion of the Nextera P7XX sequencing adapter. Of the 215 entirety of the P7XX adapter, the region 3' of the I7 barcode was used. This allowed for 216 barcoding and amplification of the sequencing libraries. 2.) a dN9 anchor on the 3' end to 217 randomly anneal to cDNA products. 3.) A 3' carbon block modification. This was done so that 218 the oligo may only be used as a template to append the Nextera sequencing adapter to the end of 219 cDNAs, rather than as a primer. The full sequence of this primer can be found in (Supplemental 220
Information Table 6 ). 221
MPE-Seq Library Prep 222
cDNA synthesis. RNA was isolated following a hot acid phenol extraction protocol 21 . A total of 223 10ug of total RNA was used to generate each library. cDNA was synthesized by mixing 1 μg of 224 the gene specific primer pool described above with each RNA sample in 50 mM Tris-HCl (pH 225 8.5), 75 mM KCl in a 20 μL volume. The primers were then annealed in a thermocycler with the 50 μL purified cDNA sample. Biotin-streptavidin binding was allowed to proceed for 30 minutes 247 at room temperature with rotation. Bound material was washed twice with 500 µL of 1X bind and 248 wash buffer, followed by an additional wash with 100 µL of 1X SSC. To ensure purification of 249 only single-stranded cDNAs, beads were then incubated with 0.1 M NaOH for two consecutive 250 room temperature washes for 10 minutes and 1 minute, respectively. Finally, the bound material 251 was washed 3 times with 100 μL 1X TE. cDNA was eluted from the beads by heating samples to 252 90°C for 2 minutes in the presence of 100 µL of 95% formamide, 10 mM EDTA. The eluate was 253 then purified using Zymo-5 columns as described above. cDNA was eluted from columns in 40 254 μL H20. 255
First strand extension. Primers were annealed to purified cDNA by combining: 1uL 1 st strand 256 extension oligo (100 μM), 5 μL 10x NEB buffer 2, 40 μL purified cDNA sample, and 1 μL of 10 257 mM (each) dNTP mix. Samples were then incubated at 65°C for 5 minutes, followed by cooling 258 to room temperature on the bench top. To each sample was added 3 μL of Klenow exo-fragment 259 (NEB M0212) and reactions were incubated for 5 minutes at room temperature, after which they 260 were moved to 37°C for 30 minutes. Samples were subsequently purified via streptavidin beads 261 following the protocol described above. Samples were then purified and concentrated via Zymo-5 262 columns. Samples were then eluted in 33 μL H20. 263 PCR amplification. Amplification of the reaction products was accomplished by using 10 μL of 264 the purified material generated in the 1 st strand extension reaction as a template in a PCR 265 reaction. Illumina Nextera (i5) and (i7) indexing primers were used in a standard 50 µL PCR 266 reaction with Phusion polymerase (ThermoFisher F530S). Cycling conditions were as follows: 267 denaturation at 95°C for 10 sec; annealing at 62°C for 20 sec; and extension at 72°C for 30 sec. Alignment files were filtered to exclude read mappings deriving from inserts less than 30 bases 297 (including the primer). We believe these short fragments represent unextended reverse 298 transcription primers that were retained in the sequencing libraries. These small fragments can 299 sometimes erroneously map to splice junctions or target introns, even though we believe they are 300 not derived from cellular RNA. 301
RNA-seq libraries were sequenced on an Illumina HiSeq2500 by the BRC Genomics Facility at 302
Cornell University using 100bp single end reads. Reads were aligned using the STAR aligner 303 with the following alignment parameters: {--alignEndsType EndToEnd --alignIntronMin 20 --304 alignIntronMax 1000 --alignSJDBoverhangMin 1 --outSAMmultNmax 1 --305 outFilterMismatchNmax 3 --clip3pAdapterSeq 306
CTGTCTCTTATACACATCTCCGAGCCCACGAGAC}. 307
When applicable, replicate libraries were combined prior to alignment. However, to assess 308 technical reproducibility of MPE-seq, replicate libraries were subsampled to varying read depths, 309 aligned separately, and compared to RNA-seq libraries also subsampled to varying read depths. 310
Estimating Splice isoform abundances from MPE-Seq data. 311
For each intron, the relative abundance of unspliced and spliced isoforms was determined by 312 counting spliced and unspliced reads. Spliced reads (S) were counted using the SJ.out.tab file 313 created by the aligner. Unspliced reads were counted using bedtools 24 to count the number of 314 reads that cover any part of the intron, considering only the first read of the paired-end reads. 315
Unspliced read counts were further categorized as deriving from a lariat intermediate (L) or pre-316 1st step RNA (P) by considering the mapping location of the second read of the paired end reads, 317
which we observed to often terminate near the TSS, or in the case of a lariat-intermediate-318
derived cDNA, near the branchpoint-A of the intron. Based on paired end mapping locations, 319 each fragment was categorized into one of six categories (See FigS6) and the counts within those 320 six categories were used to calculate S, P, and L as follows: 321 Table 7) were determined by 323
Locations of branchpoints (Supplementary Information
consolidating the most used branchpoint from lariat sequencing data 25 Table 2 ). 333
RNA-seq Experiments 334
Library prep: For each RNA-seq library, 1 μg of total RNA was input into the "NEBNext Ultra 335
Directional RNA Library Prep Kit for Illumina". Libraries were prepared following the 336 manufacturer's protocol. 337
Estimating Splice isoform abundances from RNA-seq data: Similar to MPE-seq data, spliced 338 reads from target introns were counted using the SJ.out.tab file created by the aligner. Unspliced 339 reads were counted using the bedtools software package 24 to count the number of reads which 340 overlapped an intron. Spliced and unspliced read counts for each intron were then length 341 normalized for the feature's potential mapping space. The potential mapping space for a spliced 342 read is equal to 2 x read length minus the minimum splice junction overhang length. The 343 potential mapping space for an unspliced read is equal to the 2 x read length minus minimum 344 splice junction overhang length plus length of the intron. Reads counts assigned to each feature 
FigureS1: Elevated temperatures in reverse transcription reactions increase specificity 462
The fraction of on-target and off-target reads from replicate MPE-seq libraries generated 463 from reverse transcription reactions performed at various temperatures. A small fraction of reads 464 were categorized as "Unextended primer" which corresponds to short primer extension products 465 (0-5 bases extended past the primer) and thus they were neither categorized as cDNAs derived 466 from RNA targets or unamappable. 467
FigS2: Expression measurements as determined by MPE-seq and RNA-seq 468 (A) A scatter plot depicts gene expression measurements (RNA-seq) in replicate datasets. 469
Genes containing splice-events that were among those chosen for targeted sequencing are 470 depicted in red. These targeted genes range in expression levels by orders of magnitude. 471 
